Abstract -The purpose of this study was to determine the effects of plantation thinning on various wood properties of Pinus brutia Ten. Tree samples were obtained from heavily and moderately thinned and unthinned 33−35 year-old plantations. Wood properties were examined in various wood zones including 16 annual rings after the first treatment. The results of this study showed that there was a significant relationship between thinning intensity and radial increment (1.30 m) for an individual tree. Thinning treatments increased annual ring width especially a few years after thinning. Heavy thinning treatments were especially effective in impacting mean ring width values at breast height. However, the percentage of late wood did not differ much between the samples. Based on the results of correlation analysis between ring width and late wood percentage there was no significant correlation identified. Mean wood density was not affected by the treatments. Also, no significant correlation was found between thinning and examined strength properties (MOR, MOE and compression strength parallel to grain). However, a relationship was found between wood density and all strength properties except for MOE. The current results suggest that thinning can produce improvements in ring width without any negative impacts on investigated wood properties. It is recommended that subsequent studies should be designed to understand genetic effects and maximize treatment effects.
INTRODUCTION
There has been an ever increasing demand for wood products in Turkey as in many other countries of the world. As a result, the gap between wood supply and demand is rapidly widening. To solve this problem, the Turkish Ministry of Environment and Forestry has established large wood plantations and is planning to establish further plantations (http://www.cevreorman.gov.tr/). Pinus brutia is the primary species for plantation programs in Turkey, due to its rapid growth rate compared with other natural pine species in plantation areas [12, 19, 57] . This species has been used for many different products in the forest products industry, including timber, furniture, pulp and board products, fuel wood, win-a significant effect on a number of pulp and paper properties, including tear resistance and tensile, fold and burst strength. In most cases long fibre length is preferable [23] . Thus, it is important to understand thinning effects on other wood properties also.
Various and conflicting results exist in the literature regarding the relationship between thinning and growth rate and wood density and other wood properties. Bendtsen reported that the effect of accelerated growth on wood properties is minor compared to the differences between juvenile and mature wood properties of the same species [6] . Cown, Erickson and Harrison, Smith, Shepard and Shottafer, Barbour et al., reported a negative correlation between wood density and thinning treatments [3, 14, 18, 47, 50] . On the other hand, there were some reports that thinning treatments caused an increase on wood density [35, 62, 63] . Zobel and van Buijtenen reviewed a number of publications on the relationship between thinning treatments and wood density, and concluded that wood density was not greatly affected by thinning [65] . Based on different tree species, Hapla, Barrett and Kellogg, Harnnrup and Ekberg, Koga et al., and other researchers supported the idea that thinning had little or no effect on wood density [4, 20, 22, 26, 28, 31, 38-40, 45, 46, 66] . McKimmy, as well as Koga and Zhang, concluded that wood density is more significantly influenced by the environment and seed source and not greatly influenced by growth rate [28, 37] . Zhang reported a negative correlation between growth rate and specific gravity and other mechanical properties of two Abies species [64] . Though some reports have indicated that thinning increased latewood percentage of Pinus taeda and Douglas-fir (Pseudotsuga menziesii) [24, 48] , others have reported that thinning resulted in a slight decrease in latewood percentage [3, 18] . Still yet, there are some reports that show that thinning has little or no effect on latewood percentage of Douglas-fir [10] , Pinus radiata [14] , Pinus taeda [40] , Pinus ponderosa [36] , Larix leptolepis [26, 27] .
In contrast to the abundance of wood density research, there is relatively little research available on other wood properties. Hapla concluded that thinning treatments had little (for Douglas fir) or no significant (for Cedrus atlantica) effect on wood strength properties [20, 21] . Macdonald and Hubert recommended slower growth rate and longer rotations for quality saw logs of Sitka spruce [34] . Some research indicated that tracheid length was not affected by thinning [22, 66] . But, Koga et al. reported that thinning, in particular heavy thinning reduced tracheid lengths at breast height [26] . It has also been reported that thinning causes an increase in annual ring width and stem volume in individual tree, but also produces more tapered trees [12, 16, 17, 21, 39, 42, 44, 58, 63] .
Thus, based on literature, it is understood that genotype and environmental factors (soil, climate, location, altitude etc.) have a significant impact on wood properties. It is also understood that the effect of thinning on wood properties varies with many different factors including species, initial spacing, site quality, intensity and type of thinning, tree age, stem position etc. [5, 27, 33, 41, 65] .
But, to more efficiently manage plantations and utilize wood supply, it is essential to assess the effects of thinning treatment on wood quality attributes for P. brutia species. So, the major contribution of this study will be to compare the effects of different intensities of thinning on various wood properties of young Pinus brutia. This research can then be used to facilitate modelling of thinning on the species, and establish a base for silvicultural plans and further research.
MATERIALS AND METHODS
The trees used for the present study were harvested from evenaged (33−35 year-old) plantations in the south-western part of Turkey. The trees in these plantations were initially established at 3 × 1.5 m spacing in 1969 and 1971 at two sites, in Isparta and Antalya, and two site classes, poor and medium. Three replicated plots of heavy thinning, moderate thinning, and control were established. The first thinning treatments (thinning from below) were applied in 1985. In the heavily thinned plots, 34−40% of basal area was removed. In the moderately thinned plots, 15−20% of basal area was removed. Thinning was repeated every five years. However, after the first thinning, there was no set proportion for the number of trees removed except for the removal of all depressed, dead and dying trees. The present study started at the end of the growing season in 2003, 18 years after first treatment. With the aim to avoid errors due to debarking and cutting of samples, the analysis included only the wood zone for the 16 years from the first treatment.
Prior to the start of this research in 2003 the site index of the stands had been established by Usta [57] .
The first experimental area, in Isparta-Asagi Gökdere, is located at an average altitude of 400 m and the second area, in Antalya-Kas, at 240 m. The mean annual precipitations of the experimental areas is about 744.4 mm/year and 751 mm/year and the yearly average temperature are 12.95
• C and 19.49
• C, and prevailing winds are SSE and NNE, respectively. All climatic data were obtained from the Egirdir and Kas meteorology stations located near the research areas. The annual mean temperatures of these areas were calculated according to the Thornthwaite method based on 30 years of records from these stations. Soil is similar in the two experimental areas. A more detailed description of the experimental areas and trees is presented by Guller [19] .
Unfortunately, in Turkey, only a few plantation areas are being and have been managed for research purposes and thus the studied plantations are unique and valuable. Therefore, it is essential to preserve these areas for future research as much as possible. Due to the fact that some destructive methods were necessary and used for this research, it was very important to decide only minimal tree sample sizes.
For this research, 36 plots were chosen, based on 2 sites, 2 site classes, 3 treatments, and 3 replications for every treatment. One representative tree (quadratic mean trees of plot) was cut from every plot. But, due to natural defects (cracks, knots etc.) and the limited diameter of some trees, the representative sample size for some tests was reduced, especially for mechanical tests. At the beginning, mechanical tests were conducted with the same sample size and the results were analyzed to determine if the sample size was large enough to obtain low experimental error. The results showed that sample size were insufficient for some groups (AG2 control plots, K1 moderate thinning plots, and K2 heavy thinning plots). Consequently, more trees were removed from these relevant plots and a total of 41 trees were used for the study. The trees ranged in size of 12−19 cm breast height diameters and 9−15 m heights from the various thinning regimes.
The aim of the study was to investigate thinning effects on the wood properties. Based on this type of analysis, it was essential to identify the wood zones and conduct sampling properly. To decide sampling heights, relevant standards and previous literature were used to verify methods (i.e.; for density, ring width and fibre length [26, 39] ). After obtaining wood disks from the various heights of stems, a good cutting plan was required to avoid sampling errors. Thus, before debarking the disks, one surface of all of the disks were sanded and scanned with a high resolution scanner and the first thinning time (1985) was verified by counting 18 annual rings (years) from bark. In this way the starting point of the wood zone after thinning was determined using an image analysis system. The two last annual rings from 2002 and 2003 were excluded from the analysis due to possible damage caused by debarking and cutting of the samples. The annual rings prior to thinning treatment and the two outer annual rings were removed from density and mechanical analysis.
A common error in evaluating the relationship between growth rate and wood properties is in the confounding of the growth rate and cambial age [65] . Therefore, the tree samples were obtained from even-aged plantations and sampling was based on the number of annual rings and not the distance from pith or bark.
Measurement of annual ring width and latewood percentage
Five cm thick discs were taken at 0.30, 1.30, 2.30 and 2 m intervals from a 2.30 m height. These discs were used to measure annual ring width and latewood percentage. Each disc was stored at room conditions. The discs were then sanded with an orbital sander to obtain a clear surface for scanning. All discs were then conditioned in a special cabinet (Nuve ID-501) until they achieved 12% moisture content according to TS 642 (ISO 554) [53] . Then each disc was scanned with a high resolution scanner (600 dpi). The geometric deformations induced by the scanner have been measured by scanning a grid of known dimension. This allows for the correction of the ring width measurement performed on the scanned image. These images were subjected to image analysis in order to measure annual ring width and late wood width. Pinus brutia ring boundaries have high colour contrast and earlywood and latewood are distinguished by the colour contrast. To measure these properties, the ImageJ 1.28u (public domain by Rasband W.) program was used. The latest version of this program can be found at http://rsb.info.nih.gov/ij. Latewood percentages were calculated based on the latewood widths of the growth rings divided by the total width of the rings. Measurements were made on each disc at a 90
• angle to the prevailing wind direction.
Measurement of wood density
Stem discs were taken from a stump height of 2.30 m at 1.30, 2.30 and 2 m intervals for density measurement. Each disc was marked to identify the wood zones after treatments. Blocks were then cut from discs. Wood density was calculated as the sample oven dry weight divided by the sample volume. Volume dimensions were measured with electronic calipers. All disk values from the various intervals of the stems were used to calculate mean density value of trees.
Measurement of fibre length
The wood blocks taken from breast height and having 16 annual rings after treatment were used to determine fibre length. Prior to maceration, a calculation of the approximate fiber length in each annual ring and the sample size for making statistically significant analysis for each group was determined. Then all annual rings samples were macerated. Maceration was conducted according to Jeffrey's method [7, 8] . A total of 1023 unbroken tracheids were measured using a light microscope and micrometer.
Measurement of strength properties
The samples for strength properties were cut from remaining stem parts subsequent to stem disk preparation (for volume, density, and ring width measurement). The remaining wood was used up to 4.30 m in height of the trees. To avoid sampling errors, a good cutting plan was required. For this purpose, prior to debarking, the wood zone after treatment was measured. According to industrial standards, it was possible to obtain compression (2 × 2 × 3 cm), MOE (2 × 2 × 35 cm) and MOR test (2 × 2 × 30 cm) samples from the wood zones. The graduation of tree diameter relative to the height was observed and natural defects were recorded. Then, the cutting plans were applied. The annual rings prior to thinning treatment and two outer annual rings were removed from mechanical test samples during the cutting process. Therefore, mechanical testing was carried out on small wood samples obtained from a wood zone including 16 annual rings subsequent to first thinning treatments.
Modulus of rupture (MOR), modulus of elasticity (MOE), compression strength parallel to grain (maximum crushing strength) and density-strength relationship were investigated. Experiments were conducted according to Turkish standards (TS 2474, TS 2478, TS 2595) [54] [55] [56] (these standards are the same ISO 3133, ISO 3349 and ISO 3787).
Statistical analysis
All data were analyzed based on site, site classes and thinning regime. Thinning effects of investigated wood properties were examined for every site and site class using univariate variance analysis (one-way ANOVA) and post hoc test based on the results of homogeneity (Levene) tests. Correlation analysis was performed to show the relationship between wood properties and thinning treatments. Paired sample T -test was performed for annual ring width and late wood percentage. All statistical tests were considered significant when P < 0.05. SPSS 13.0 statistical software was used for this analysis. The following identifiers were used for sample groups; AG1: Asagi Gokdere medium site quality, AG2: Asagi Gokdere poor site quality, K1: Kas medium site quality, K2: Kas poor site quality and 1: Control, 2: Moderate thinning, 3: Heavy thinning.
RESULTS AND DISCUSSION

Annual ring widths and latewood percentages
The paired sample T -test was performed in order to show differences in the annual ring width and late wood percentage between for the various treatments at the same sites and the different site quality classes. The analysis showed that annual ring width between all paired treatments was significant; the results demonstrated that thinning treatments increased annual ring widths. The differences in mean annual ring widths at breast heights in thinned plots were apparent (Fig. 1) . Generally heavy thinning treatment was found to be more affective on annual ring width than moderate treatment at the same site and site quality class (Tab. IX). The amount of carbohydrate produced by a tree depends mainly on the size of the crown or leaf surface and the ability of the roots to supply the foliage. After thinning, the amount of growing space for both the roots and crowns of residual trees is increased. When a tree is influenced by cutting a competing tree, any immediate acceleration of growth is largely from an increase in water and nutrient supplied by the roots [30, 49] . This is the one of probable reasons for radial increases in individual trees after thinning.
The most proportional effect of thinning treatment on the annual ring width along the stem was found at a height of 1.30 m, and in general, thinning treatments were more effective on the lower versus the upper part of stem (Tab. I). Because the annual accretion of xylem at upper or lower levels of stem is a function of the capacity of the foliage to synthesize carbohydrates and growth hormones, the size of the crown strongly determines the degree of stem taper. Stems of opengrown trees with long crowns tend to be more tapered than stems of trees with small crowns in closed stands. These differences are related to variations in both rate of xylem increment along the entire bole and in its vertical distribution along the stem. As height growth is independent of stand density and the rate of radial growth is greater along the bole of large-crowned trees than in those with small crowns, this alone causes increased taper in the former [12, 16, 17, 30] . In addition, opengrown trees with large crowns tend to distribute significant amounts of metabolites to the lower stem, resulting in xylem incrementation there [30] . Tapered stems in thinned stands are also explained as a response to increased wind stress [32, 59] . The larger crown thus causes higher wind stress and a further increased compensatory lower stem growth [39] . These are the most probable reasons for the increased annual ring increment in the lower versus the upper parts of stem through the effect of thinning.
In three of the four groups, the lowest mean values of latewood percentage were found for heavy thinning treatments. However, for some of these groups, the latewood percentages of the moderate thinning treatment were higher than other treatments. Therefore, no clear effect of thinning treatments on latewood percentage was observed (Tab. IX). The differences in annual ring widths due to thinning treatments were apparent. For this reason, analysis of the annual ring width and latewood percentage was chosen as an indirect indicator to explain the effects of thinning on latewood percentage. The analysis was performed between annual ring width and latewood percentage for each site and site quality class groups. According the results of correlation analysis for all groups, there appeared to be no significant correlation between annual ring width and latewood percentage (P > 0.05). The result showed that a significant increase occurred in annual ring widths after thinning, but this increase did not cause any clear change in [26, 27, 40] that radial increments increased but, late wood percentage was not affected significantly by thinning treatments in conifer species.
Wood density
Because of limited sample size for average tree density, the ANOVA analysis of tree density was grouped by treatment, site and site quality (i.e.; group 1: AG1.1 (1. site, medium site quality and control treatment); group 2: AG1.2 (1. site, medium site quality and moderate treatment),. . . group 12: K2.3 (2. site, poor site quality, heavy treatment)). A total of 12 groups and 41 trees were evaluated. According the results of the ANOVA test (Tab. II), there was no apparent evidence of any corresponding changes to both heavy and moderate thinning in mean wood density. In this study, the greatest effect of thinning treatment on annual ring width was found at breast height. In this respect, the relationships between annual ring widths and wood density were examined on samples obtained at a height of 1.30 m. Pearson coefficient of correlation was found to be 0.051 and P > 0.05. This demonstrates that at breast height of the stem, although thinning treatment affected annual ring width, wood density at the same height was not significantly affected by thinning treatments. This can be explained by the insignificant effect of thinning on latewood percentage which is closely related to wood density [23, 66] .
There are conflicting results on the effect of thinning on wood density in the literature. Cown [14] , Erickson and Harrison [18] , Smith [50] , Shepard and Shottafer [47] , Barbour et al. [3] , reported that wood density was reduced by thinning treatments. On the other hand, there are some reports that thinning treatments cause an increase on wood density [35, 62, 63] . Hapla reported that thinning has a minor effect on wood density [20] . Zobel and van Buijtenen listed a number of publications on the relationship between thinning treatments and wood density, and based on the general consensus concluded that wood density was not greatly effected by thinning [65] . Some other researchers supported the idea that thinning has little or no effect on wood density [ 4, 22, 26, 28, 31, 38-40, 45, 46, 66] . 
Fibre length
Mean values for fibre length are given in Table IX . There was no clear evidence showing an effect of thinning treatments on fibre length. The ANOVA test showed that there were statistically significant (P < 0.05) differences among treatments (Tab. III). But, the results of multi comparison tests did not support any clear and parallel effect of treatments for all groups (Tab. IV). Thinning treatments increased fibre length at K1 and AG1. There was no statistically significant difference between control and moderate thinning based on the results of group AG2. Although, ANOVA test results showed a difference, multiple test results did not show any significant differences for group AG2. It can be thought that heavy thinning had a very minor effect on fibre length at AG2. There were no significant differences found between control and heavy thinning treatment in the group K2. But, the fibre length of moderate thinning was lower than the two other treatments in this group. Zobel, Harnnrup and Ekberg reported that tracheid length was not affected by thinning [22, 66] . Koga et al. reported that thinning, in particular heavy thinning reduce tracheid lengths at breast height [26] .
In this study, the sample trees were taken from plantations areas for which the seed sources were unknown. According to Panshin and de Zeeuw, "Silvicultural treatments of stands of uncontrolled seed origin may result in some improvement of wood qualities associated with the rate of growth however, silvicultural treatments can not yield any modification of the trees' cellular characteristics that can be transmitted to their progeny" [43] . Therefore to explain any effect of treatment, hereditability of wood characteristics must be well known. There is no specific study on the heritability of fibre length of Turkish red pine (Pinus brutia Ten.) in Turkey. Pinus radiata fibre length heritability was reported to be high by Haygreen and Bowyer [23] , but there are some reports that the heritability of fibre length is low in some conifers [43, 51] . Based on the results of this study and related literature, more information is needed for this specific species to determine if fibre length is affected by thinning.
Strength properties
The effect of thinning treatment on compression strength parallel to grain, modulus of rupture and modulus of elasticity were investigated.
The results of statistical analysis showed that there was no significant effect from the thinning treatments in two (AG1 and K2) of the four groups. In the other groups, ANOVA test results (Tab. V) showed significant differences (P < 0.05), but Tukey test results (Tab. VI) did not show a clear effect from the treatments. It can be said for only one group (K2) that the thinning treatment decreased compression strength. There was no significant difference between control and heavy thinning treatment at K1. As a result, there appears to be no relationship between thinning and compression strength parallel to grain according to mean values (Tab. IX).
The effect of thinning treatments on bending properties, MOR and MOE were examined. Statistical results are given at Tables VII and VIII. The results obtained here showed that investigated strength properties were not affected by thinning treatments. Hapla reported that thinning treatments had little or no effect on wood strength properties [20, 21] . As explained in section 3.2, many researchers reported that there was little or no relationship between thinning treatments and wood density. The results of this study support this observation. Significant positive linear relationships were found between wood density and strength properties except MOE (Figs. 2, 3, 4) . Many researchers agreed that wood density is a good indicator of wood strength properties [9, 13, 23, 29, 43] . But, there were some previous report supporting weak relationship between MOE and density [ 1, 2, 11, 25, 52, 60, 61] . 
CONCLUSION
The conclusions can be summarized as follows:
-Radial growths at breast height increased with thinning treatments, especially after heavy thinning treatments. -Latewood percentage at breast height was not affected significantly by thinning treatments. -Mean wood density was not affected by thinning treatments. -More information is needed about the investigated species to determine if fibre length is affected by thinning. -Compression strength parallel to grain, MOR and MOE were not affected by thinning treatments. -Positive linear relationships were found between wood density and MOR and wood density and compression strength.
As a result, thinning effects were found to have negligible influence on investigated wood properties. But, the thinning intensity range provides only a limited variation of the average ring width between treatments. Therefore the wood density variations were expected to be low. In addition, the seed source of samples taken from two plantations areas was unknown. Unfortunately, there is no specific study on the heritability of important wood properties of Turkish red pine (Pinus brutia Ten.). However, some literature is available on other pine species and they were helpful to explain some results. This research is the first study which investigated the effects of thinning on wood properties in Turkey. To make generalizations, more research is required on this subject. The current results suggest that thinning can produce improvements in annual ring width without any negative changes in latewood percentage and the investigated wood properties, although subsequent studies must be better designed to minimize genetic effects and maximize treatment effects.
